Background-Aortic stiffness and small-artery structure and function share various risk factors; however, relations between these 2 measures of vascular function are complex and incompletely understood. Methods and Results-We examined hyperemic forearm blood flow, an indicator of microvascular structure and function, and aortic stiffness in 2045 participants (1107 women, mean age 61Ϯ9 years) in the Framingham Heart Study offspring cohort. Using arterial tonometry, we evaluated 3 measures of aortic stiffness: brachial pulse pressure; carotid-femoral pulse wave velocity (CFPWV), which is related directly to aortic wall stiffness; and forward pressure wave amplitude (P f ), which is related directly to aortic wall stiffness and inversely to aortic diameter. Using high-resolution ultrasound and Doppler, we evaluated brachial artery diameter, blood flow, and forearm vascular resistance (FVR) at baseline and during reactive hyperemia after 5 minutes of forearm ischemia. In multivariable models that adjusted for cardiovascular disease risk factors, local brachial pulse pressure, CFPWV, and P f , considered separately, were associated with increased baseline and hyperemic FVR (PϽ0.001). In models that further adjusted for mean arterial pressure, each measure of aortic stiffness was associated with reduced hyperemic flow (PϽ0.001). In risk factor-adjusted models that simultaneously considered CFPWV and P f , both were associated with increased FVR at baseline (PϽ0.01) and during hyperemia (PϽ0.001). Conclusions-Our findings indicate that abnormal aortic stiffness and increased pressure pulsatility are associated with blunted microvascular reactivity to ischemic stress that is in excess of changes attributable to conventional cardiovascular disease risk factors alone, including mean arterial pressure. (Circulation. 2005;112:3722-3728.)
A ortic stiffness increases markedly with advancing age 1 and is associated with elevated systolic and pulse pressure. Aortic stiffness, as indicated by increased pulse pressure, is associated with a variety of common afflictions of aging, including cardiovascular disease, 2-4 stroke, 5, 6 cognitive disorders, [7] [8] [9] white matter lesions, 10,11 macular degeneration, 12 renal dysfunction, 13, 14 osteoporosis, 15 and glucose intolerance. 16 -18 Microvascular dysfunction appears to represent a common element in the pathophysiology of these diverse conditions. 12,13,19 -22 Several studies have suggested that increased aortic stiffness and elevated pulse pressure may stimulate hypertrophy, remodeling, or rarefaction in the microcirculation, leading to increased resistance to mean flow. [23] [24] [25] [26] Endothelial function in medium-sized and smaller arteries may also be impaired by increased pressure pulsatility. 27, 28 Because structure and function in small arteries may be adversely affected by exposure to high pulsatile pressure, the possibility exists that increased aortic stiffness and elevated pulse pressure may contribute directly to the pathogenesis of the heterogeneous group of small-vessel disorders and diseases described above.
We have previously shown that microvascular reactivity, as assessed by hyperemic flow after forearm cuff occlusion, is related to standard cardiovascular disease risk factors. 29 However, to the best of our knowledge, no prior study has reported the relations between direct measures of aortic stiffness and peripheral microvascular function in a large community-based sample. Therefore, we assessed aortic stiffness using tonometry and forearm microvascular function by evaluating reactive hyperemia in response to forearm cuff occlusion in participants in the Framingham Heart Study. We hypothesized that vascular risk factors would be associated with alterations in forearm microvascular function at rest and in response to a hyperemic stimulus and that aortic stiffness measures would have an incremental relation with blunted hyperemic vasodilatory reserve after adjustment for other clinical correlates of vascular dysfunction.
Methods

Study Participants
The design of the Framingham Offspring Study has been described. 30 Participants in the seventh examination cycle (1998 -2001) were eligible for this investigation (nϭ3539). Analyses were performed in 2045 subjects with both tonometry and brachial artery test data. Details of the participant tonometry and brachial evaluations, data acquisition, and data analysis have been presented previously. 29 The examination included a 6-minute walk test (Bruce protocol stages I and II) in participants without contraindications (known coronary heart disease, chest pain on test day, or inability to perform test). The Boston Medical Center Institutional Review Board approved the protocol, and all participants gave written informed consent.
Image and Flow Analyses
Brachial artery diameter was measured as described previously. 31 Flows were analyzed from the digitized Doppler audio data with a semiautomated signal-averaging approach as detailed previously. 29 After cuff deflation, sonographers monitored and recorded flow (for up to 15 seconds after cuff release) until flow peaked, which generally occurred within 3 to 5 beats. During subsequent analysis by a randomly assigned sonographer, timing of peak flow was visually confirmed from a raw spectral analysis of individual beats; only beats representing the peak flow response (generally 2 to 4 beats) were marked for inclusion in the signal-averaged spectrum. Flow spectra were signal-averaged (1000 Hz resolution) with the ECG as a fiducial point. Baseline and hyperemic flow velocities were assessed directly and were multiplied by baseline brachial artery cross-sectional area to obtain volume flows, which are needed to compute forearm vascular resistance (FVR). FVR was calculated by dividing mean arterial pressure (MAP), which was assumed constant throughout the test, by mean volume flow at baseline and during hyperemia.
Measures of Aortic Stiffness
We evaluated 3 related measures of aortic stiffness: brachial pulse pressure, central forward pressure wave amplitude (P f ), and carotidfemoral pulse wave velocity (CFPWV). Brachial pulse pressure was examined as a measure of the pulsatility of pressure just proximal to the vascular bed of interest; however, brachial pulse pressure is affected by local reflections, which in turn are influenced by local resistance. Thus, it is possible that abnormal resistance vessel function and increased local wave reflection could produce apparent relations between local pulse pressure and vascular resistance that do not involve aortic stiffness. We therefore examined P f from the carotid pressure waveform as a measure of proximal aortic impedance to pulsatile flow that is minimally affected by wave reflections. P f is closely related to characteristic impedance of the aorta, which is affected by wall stiffness and thickness and is especially sensitive to matching between pulsatile flow and aortic diameter. 32 We also evaluated CFPWV as an indicator of aortic wall stiffness that is less dependent on aortic diameter. 32 
Measures of Microvascular Function
We examined baseline FVR, which depends on microvascular density, tone, and structure. 33 We also measured FVR during reactive hyperemia after 5 minutes of forearm cuff occlusion, which reflects the near maximal dilation of forearm microvessels in response to local ischemia and local shear stress. Aortic stiffness measures, such as CFPWV, are dependent on distending pressure. 1 Because FVR includes MAP in the calculation, any observed relation between aortic stiffness and FVR may be attributable to the common MAP term. Therefore, as alternative measures of microvascular function, we evaluated mean brachial flow velocity at baseline and during reactive hyperemia and included a separate adjustment for MAP in these multivariable flow models. We used flow velocity because it is less sensitive to body size than volume flow.
Statistical Analysis
Regression was performed with the REG procedure in SAS version 8.0. 34, 35 Values for FVR were highly skewed and were therefore natural log-transformed to normalize the distribution. We evaluated multivariable cross-sectional relations of various cardiovascular disease risk factors (see below) with brachial flow velocity and FVR using stepwise multivariable regression models that adjusted for age and sex in all models and also for MAP in flow models. These models did not consider stiffness measures. Subsequently, we used multivariable regression to determine whether aortic stiffness variables were related to microvascular function variables (FVR and flow velocity [dependent variables]) after adjusting for other known or potential correlates of FVR. Additional covariates were selected on the basis of prior publications and included MAP (for flow models only), heart rate, body mass index, fasting glucose, total/ HDL cholesterol ratio, triglycerides, prevalent cardiovascular disease, diabetes, current cigarette smoking, smoking within 6 hours of the evaluation, antihypertensive treatment, lipid-lowering treatment, daily aspirin use, hormone replacement therapy, and timing of walk test. 1, 29, 31 Walk test performance (modeled as "before" versus "after" vascular testing versus "not done," with the latter as referent) was incorporated into multivariable models. A 2-sided PϽ0.05 was considered statistically significant.
Results
Characteristics of the study participants have been reported previously. 29 Briefly, the 1107 women and 938 men in the sample were middle-aged to elderly, with a mean age of 61Ϯ9 years (range 33 to 87 years) at examination. Prevalences of cardiovascular disease (12%), diabetes (12%), hypertension (44%), use of antihypertensive (32%) or lipidlowering (20%) medications, daily aspirin use (29%), and smoking within the prior 12 months (14%) or 6 hours (9%) were typical for a community-based cohort of this age. Hormone replacement therapy was used by 37% of the women. A walk test was performed by 76% of participants either before (39%) or after (37%) brachial testing. As previously reported, baseline brachial artery diameter was 3.7Ϯ0.6 mm in women and 4.9Ϯ0.6 mm in men. 29 Aortic stiffness measures at baseline and brachial artery hemodynamics at baseline and during reactive hyperemia are presented in Table 1 . On average, brachial artery mean flow increased substantially (Ϸ6-fold) during reactive hyperemia (Table 1) . 
Cross-Sectional Correlates of FVR and Flow Velocity at Baseline and During Hyperemia
Multivariable cross-sectional correlates of baseline and hyperemic FVR and brachial flow velocity are presented in Tables 2 and 3 . Increasing age was associated with lower baseline and hyperemic flow and higher FVR. Women had lower flow and higher FVR at baseline than men. Women had a greater increase in flow than men during hyperemia, which eliminated the difference in brachial flow and reduced the difference in FVR between men and women, although hyperemic FVR remained higher in women. Hormone replacement therapy was associated with higher flows at baseline and during hyperemia but was not significantly related to FVR. Several cardiovascular disease risk factors, including higher heart rate, increasing body mass index, elevated fasting glucose, higher total/HDL cholesterol ratio, and smoking, were associated with elevated resting flow (Table 3) and lower FVR (Table 2 ) at baseline. In contrast, risk factors were generally associated with a blunted flow response and higher FVR during hyperemia. For example, fasting glucose tended to be associated with higher flow during baseline but was associated with reduced flow and increased FVR during hyperemia. Increasing body mass index was associated with higher flow at baseline but was unrelated to flow during hyperemia, which suggests that flow reserve was blunted. Prevalent cardiovascular disease and treatment with antihypertensive medication were associated with reduced flow during hyperemia (Table 3) .
Cross-Sectional Relations of Aortic Stiffness Measures, FVR, and Flow Velocity at Baseline and During Hyperemia
Relations between aortic stiffness measures and FVR are presented in Table 4 . In age-and sex-adjusted models, higher brachial pulse pressure and P f were modestly associated with increased baseline FVR, whereas CFPWV was not related to baseline FVR when evaluated alone or together with P f in the same model. Relations between baseline FVR and aortic stiffness measures persisted (and CFPWV became significant) in multivariable models that included cardiovascular disease risk factors and other potentially confounding covariates (Table 4) . Aortic stiffness measures were related to hyperemic FVR in age-and sex-adjusted and multivariable models (Table 4) . In these models, partial correlations attributable to the stiffness variables (partial R 2 ϭ0.11 to 0.17) accounted for approximately half of the variance explained by the model (model R 2 ϭ0.27 to 0.31). CFPWV and P f were related to higher hyperemic FVR whether considered individually or jointly. Similar models revealed minimal relations between aortic stiffness measures and baseline flow velocity (Table 5) . However, stiffness measures were associated with blunted hyperemic flow response (Table 5) .
Multivariable-adjusted baseline and hyperemic FVR according to tertiles of P f and CFPWV are presented in the Figure. Baseline FVR increased modestly with increasing tertiles of CFPWV (PϽ0.001) or P f (Pϭ0.003; Figure, panel A). Hyperemic FVR was substantially higher with increasing tertiles of CFPWV (PϽ0.001) or P f (PϽ0.001; Figure, panel  B) . As a result, hyperemic FVR was Ͼ2-fold higher in individuals who fell within the highest as compared with the lowest tertiles for both CFPWV and P f .
Discussion
Our community-based study evaluated cross-sectional relations between measures of aortic stiffness and peripheral microvascular structure and function and demonstrated that increased aortic stiffness was associated with higher FVR at baseline and during reactive hyperemia and with blunted flow reserve during hyperemia. Both microvascular reactivity 22,25,36 -38 and aortic stiffness 1,16 -18 are related to various cardiovascular disease risk factors, including advancing age, hypertension, diabetes, hypercholesterolemia, and obesity. Hence, the association between microvascular function and aortic stiffness may be partially attributable to parallel effects of shared risk factors. However, in the present analyses, relations between increased aortic stiffness and impaired microvascular structure or function, as assessed by hyperemic response to ischemia, persisted in models that adjusted for conventional risk factors, which indicates that aortic stiffening is accompanied by microcirculatory structural or functional remodeling beyond that which is explained by contemporaneously measured cardiovascular disease risk factors.
Certain measures of aortic stiffness, such as CFPWV, increase with distending pressure (MAP) because of the nonlinear stress-strain relations of the arterial wall. 39 Because MAP is closely related to FVR, relations between aortic stiffness and FVR may be partially attributable to elevated MAP. However, we found relations between increased aortic stiffness and reduced hyperemic flow that persisted even after adjusting for MAP and other risk factors. Thus, the relation between aortic stiffness and microvascular function, when assessed in terms of hyperemic flow reserve, is not fully explained by passive effects of distending pressure on aortic stiffness. If changes in the relation between MAP and flow (ie, FVR) involve microvascular structural remodeling or rarefaction, as opposed to a reversible change in microvascular tone, impaired responsiveness to metabolic demand may result. Our finding of blunted hyperemic flow in individuals with increased aortic stiffness despite a relatively severe metabolic stimulus (5 minutes of ischemia) suggests that factors contributing to higher baseline FVR are not immediately reversible and may involve a structural component. Consistent with this hypothesis, prior studies in animal models have shown that locally induced isolated alterations in pressure pulsatility have major effects on microvascular structure and function. 23, 24, 26, 40, 41 Similar relations between higher 24-hour pulse pressure and increased microvascular media-lumen ratio have been reported in individuals with hypertension. 25 These prior studies and our present results provide support for important relations between aortic stiffness, pressure pulsatility, and microvascular structure.
As in prior studies, we found that elevated fasting glucose, prevalent cardiovascular disease, and hypertension were associated with impaired vasodilatory reserve, as indicated by reduced flow and elevated FVR during hyperemia. 22, 42, 43 However, we also observed relations between several risk factors and elevated baseline forearm blood flow. In multivariable analyses, higher body mass index, an increased total/HDL cholesterol ratio, and active smoking were associated with elevated flow and reduced FVR at baseline. A trend toward higher baseline flow with increasing fasting glucose was also present. A similar pattern of increased resting forearm blood flow has been observed in response to acute hypertriglyceridemia. 44 Recent basic studies have shown that endothelial nitric oxide synthase is activated in the presence of oxidative stress. 45 Because oxidative stress may be increased in association with many of the risk factors noted above, the resulting increase in basal production of nitric oxide may have contributed to the observed increase in basal flow.
Our finding of elevated baseline flow and reduced FVR in smokers has not been described previously and seems contradictory to the findings of numerous prior studies that have shown a sympathetically mediated vasoconstrictor response to acute tobacco smoke or nicotine. 46 -48 Recent studies have shown that nicotine may also have an angiogenic effect, 49 -55 which could reduce resting microvascular resistance despite the vasoconstrictor response to acute nicotine exposure. Nicotinic acetylcholine receptors are expressed in various nonneuronal cells, including endothelial cells and vascular smooth muscle cells. 51 In vitro and in vivo models have shown that nicotine promotes endothelial cell proliferation and neovascularization, which are inhibited by selective nicotinic acetylcholine receptor antagonism. 49 -52,54 Nicotine may also increase levels or enhance the activity of various growth factors, including vascular endothelial growth factor and platelet-derived growth factor. 53, 54 Furthermore, neovascularization in response to nicotine may be enhanced with advancing age, 54 which may have contributed to the relatively large effect of smoking on baseline forearm blood flow in the elderly sample in the present study. In addition, there are many other constituents and potential mechanisms of vascular damage related to cigarette smoke, as recently reviewed. 56 The presence of reduced baseline microvascular resistance and elevated flow in the presence of obesity or elevated total/HDL cholesterol ratio and in smokers may have deleterious effects on vascular reactivity and end-organ function that are amplified in the setting of increased arterial stiffness and elevated pulse pressure. Reduced regional vascular resistance can diminish the pressure drop in the precapillary arterioles and expose the capillaries to potentially harmful levels of pressure pulsatility. 40 This form of microvascular hypertension has been documented in people with diabetes mellitus and is thought to play an important role in the progression of diabetic small-vessel disease. 57, 58 Elevated body mass index or total/HDL cholesterol ratio and active smoking may also damage the microcirculation through similar effects on precapillary resistance vessel structure or function, ultimately leading to tissue injury and impaired flow reserve despite elevated resting flow. Cigarette smoking is the leading risk factor for senile macular degeneration, especially the form of this disease that is associated with neovascularization. 54 Smoking is also a major risk factor for microalbuminuria and renal disease, which may involve an early period of hyperfiltration similar to that described for diabetic nephropathy. 59 Thus, microvascular damage may result from Relations between P f , CFPWV, and FVR measured at baseline (A) and during reactive hyperemia (B). A, At baseline, increasing levels of P f or CFPWV were associated with increased FVR. B, These associations were accentuated during hyperemia, with steep, graded relations across the spectrum from lowest tertiles of P f or CFPWV to highest tertiles for each variable. Cutpoints for tertiles occurred at 8.2 and 10.3 m/s for CFPWV and at 34 and 44 mm Hg for P f . Data are least square means of natural log (ln) transformed FVR, adjusted for age, sex, body mass index, heart rate, total/HDL cholesterol ratio, triglycerides, fasting glucose, prevalent cardiovascular disease, diabetes, use of lipid-lowering or antihypertensive therapy, smoking, hormone replacement in women, timing of walk test, and daily aspirin use.
increased aortic stiffness and elevated forward wave amplitude or from increased transmission of a given forward wave into the microcirculation because of reduced microvascular resistance. The combination of increased aortic stiffness and reduced resting microvascular resistance may be especially deleterious to the microcirculation of the eye, kidney, brain, and other organs.
Several limitations of the present study must be acknowledged. Because our study was cross-sectional, the directionality of the observed associations between aortic stiffness measures and microvascular function cannot be ascertained. Whereas we examined the relation of stiffness measures to baseline and hyperemic forearm blood flow and FVR (dependent variables), we cannot exclude the possibility that abnormalities in peripheral blood flow and FVR led to perturbations in aortic stiffness. We speculate but cannot prove in our cross-sectional observational study that the effects are bidirectional. We did not measure forearm volume, which affects FVR and may therefore affect the relation between FVR and arterial stiffness. To address this limitation, we included body mass index in the multivariable models and also performed analyses using flow velocity as the dependent variable instead of FVR, because flow velocity is less sensitive to body size. We used baseline diameter to compute early postdeflation volume flow. Diameter may decrease during the occlusion period because of subnormal flow levels. Furthermore, the sudden increase in flow after cuff release may further reduce diameter because of the Bernoulli phenomenon. Countering these effects is the potential for early dilation within the first 15 seconds after cuff release. The balance of these effects may have resulted in a slight underestimation or overestimation of volume flow in individual cases.
In addition, the cohort was middle-aged to elderly and largely white. Hence, the generalizability of our findings to other racial or ethnic groups or younger individuals is unknown. Because the cohort is community-based, it was inappropriate to withhold medications, which may have influenced our results. In relating 2 measures of microvascular tone to 3 measures of aortic stiffness and various cardiovascular disease risk factors, we have performed multiple statistical comparisons. However, the dependent variables and stiffness measures were closely correlated, and associations between hyperemic flow or FVR and stiffness measures were consistent and highly significant, which makes a spurious association less likely.
In summary, in our cross-sectional, community-based study, increased aortic stiffness and elevated arterial pressure pulsatility were associated with abnormalities in microvascular function as assessed by alterations in baseline and hyperemic FVR and flow. Various cardiovascular disease risk factors were related to impaired microvascular vasodilatory reserve, possibly owing to effects on large-artery properties. However, these common risk factors did not fully explain the relations between aortic stiffness and impaired microvascular response to ischemia. Thus, known and novel environmental and genetic influences, including conventional cardiovascular disease risk factors, may impact microvascular function through effects on aortic stiffness and pulsatile load, providing a possible explanation for associations between aortic stiffness and an emerging spectrum of disorders that share a microvascular etiology.
